a2 United States Patent

Kersting et al.

US009189849B2

(10) Patent No.: US 9,189,849 B2
(45) Date of Patent: Nov. 17,2015

(54) METHOD AND APPARATUS FOR
MULTI-LEVEL EYE REGISTRATION

(735)

(73)

")

@

(22)

(86)

87

(65)

(30)

Now. 26, 2010

(1)

(52)

Inventors: Oliver Kersting, Kleinmachnow (DE);
Horia Grecu, Bukarest (RO)

Assignee:

Notice:

Appl. No.

PCT Filed:

PCT No.:

Alcon Pharmaceuticals Ltd., Fribourg

(CH)

Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 268 days.

: 13/989,501

Nov. 25, 2011

PCT/EP2011/071009

§371 (D),

(2), (4) Date:

PCT Pub.

Aug. 29, 2013

No.. W02012/069624
PCT Pub. Date: May 31, 2012

Prior Publication Data

US 2013/0336559 Al

Dec. 19, 2013

Foreign Application Priority Data

Int. Cl1.

(EP) ...

GO6T 7/00
A61B 3/113
A6IB 3/15
AGIF 9/007

U.S. CL
CPC ...

.............................. 10192818

(2006.01)
(2006.01)
(2006.01)
(2006.01)

GOG6T 7/0016 (2013.01); A61B 3/113
(2013.01):

A61B 3/152 (2013.01); GO6T

7/0028 (2013.01); A61F 9/007 (2013.01); GO6T

2207/30041 (2013.01)

(58) Field of Classification Search
None
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

4,922,909 A * 5/1990 Littleetal. .........cvoov.. 600/300

5,912,720 A 6/1999 Berger et al.

6,276,798 B1* 82001 Giletal. ......cceovveenrn. 351/206
2003/0135115 Al* 7/2003 Burdette et al. ... 600/437
2004/0143244 Al* 72004 Grayetal. ......cccoeveenenn. 606/5
2004/0254441 Al 12/2004 Schrunder

(Continued)

FOREIGN PATENT DOCUMENTS

CN 1650148 8/2005
CN 1774207 5/2006
(Continued)

Primary Examiner — Vu Le
Assistant Examiner — Alexander J Lesnick
(74) Attorney, Agent, or Firm — Haynes and Boone, LL.P

(57) ABSTRACT

A method for performing multi-level eye registration com-
prising: obtaining a first initial reference eye image by a first
diagnostic device and defining a reference coordinate system;
obtaining a second eye image by a surgery device, said second
eye image being obtained in a pre-surgery phase before the
surgery has started; performing a first registration between
said first eye image and said second eye image to obtain a first
registration result; obtaining a third eye image by said surgery
device, said third eye image being obtained after surgery has
started; performing a second registration between said second
eye image and said third eye image to obtain a second regis-
tration result; combining said first and second registration
results to obtain a combined registration result to thereby
obtain a registration between said initial reference eye image
obtained by said diagnostic device and said third eye image
obtained by said surgery device after surgery has started.

20 Claims, 3 Drawing Sheets
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1
METHOD AND APPARATUS FOR
MULTI-LEVEL EYE REGISTRATION

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a United States national phase applica-
tion of co-pending international patent application number
PCT/EP2011/0710009, filed Nov. 25, 2011, which claims the
benefit of EP Application No. 10192818.2 filed Nov. 26,
2010, the disclosure of which is incorporated herein by ref-
erence.

FIELD OF THE INVENTION

The present invention relates to a method and an apparatus
for multi-level eye registration.

BACKGROUND OF THE INVENTION

Tracking and registration of an eye position is known to be
used for several applications in ophthalmic surgery and diag-
nostics. However, the majority of solutions offer only partial
results, in the sense that they are only applicable within the
same device or within a particular combination of devices.
The current ophthalmic care procedures are complex pro-
cesses that involve a plurality of tools in varying contexts that
create significant impact on the eye appearance. Some of
these impacts even prohibit the application of current regis-
tration techniques. Being able to relate the various measure-
ments in a unified way presents a significant challenge.

Currently, there are multiple new surgery techniques that
imply a fully fixated eye relative to the treatment device, e.g.
femtosecond laser for corneal procedures, microwave
deforming devices for corneal treatments, or femtosecond
laser for cataract surgery. All these surgery techniques have in
common the fact that the treatment zone is placed relative to
a suction ring on the eye. In the coordinate system of the
suction ring, the eye can be treated with automatic means that
achieve treatment positioning precision that is far better than
any manual one.

This means that using a suction ring coordinate system the
eye can be treated with a spatial precision that is far better than
the mechanical precision of a surgeon. But: In the overall
diagnostic-treatment process, the placement of the suction
ring on the eye may induce significantly higher errors than the
reduction of the error which automated treatment may
achieve, because:

a) The Placement of the ring is not accurately controllable:

The procedure is done manually by the surgeon, thus
being limited by general human mechanical abilities.
During the suction process, the suction ring slides
slightly on the cornea until it is fixed relative to the
eye, thus always introducing errors with respect to the
desired position.

b) Actual placement of the ring is difficult to measure:

The eye is deformed by the unnatural pressure, which
impacts the capabilities of measuring the eye biom-
etry (e.g. corneal shape) after the suction ring is
placed. Natural landmarks on the eye (e.g. sclera fea-
tures, limbal border) are covered by the tool mechan-
ics (e.g. suction ring). Therefore a manual visual
alignment of the ring by the doctor is hard to achieve.

¢) Manual measurement and adjustment of treatment zone
takes time:

The suction ring placement time and the time for manual
adjustment of the treatment zone can be longer than
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the treatment time itself. Stress and dehydration ofthe
patient’s eye may interfere with the physical and
mechanical assumptions for the (laser) treatment.

Consequently, the high precision of the new generation
treatment devices is an instable promise, due to the errors and
uncertainties induced as mentioned before in connection with
the placement of the suction ring.

The proof of clinical outcome improvement with these new
generation devices depends on a reliable basis for document-
ing and analyzing surgery with post-surgery results. It is
therefore an object of the invention to provide a method and
an apparatus, which can reduce these negative effects of the
errors induced by the suction ring.

SUMMARY OF THE INVENTION

According to one embodiment there is provided a method
for performing eye registration comprising:

obtaining a first initial reference eye image by a first diag-
nostic device and defining a reference coordinate system;

obtaining a second eye image by a surgery device, said
second eye image being obtained in a pre-surgery phase
before the surgery has started;

performing a first registration between said first eye image
and said second eye image to obtain a first registration result;

obtaining a third eye image by said surgery device, said
third eye image being obtained after surgery has started;

performing a second registration between said second eye
image and said third eye image to obtain a second registration
result;

combining said first and second registration results to
obtain a combined registration result to thereby obtain a reg-
istration between said initial reference eye image obtained by
said diagnostic device and said third eye image obtained by
said surgery device after surgery has started.

According to one embodiment said first eye image taken by
said diagnostic device and said third eye image taken by said
surgery device are taken under significantly different eye
conditions which can negatively affect a direct registration
between said first eye image and said second image. Accord-
ing to one embodiment there is provided a method for per-
forming eye registration comprising:

obtaining a first initial reference eye image by a first diag-
nostic device and defining a reference coordinate system;

obtaining a second eye image by a surgery device, said
second eye image being obtained in a pre-surgery phase
before the surgery has started;

performing a first registration between said first eye image
and said second eye image to obtain a first registration result;

obtaining a third eye image by said surgery device, said
third eye image being obtained after surgery has been com-
pleted;

performing a second registration between said second eye
image and said third eye image to obtain a second registration
result;

combining said first and second registration results to
obtain a combined registration result to thereby obtain a reg-
istration between said initial reference eye image obtained by
said diagnostic device and said third eye image obtained by
said surgery device after surgery has been completed.

By providing multiple registration steps, which are then
combined one, can overcome the large difference between the
first and third image, which makes a direct registration
between these two images difficult.

According to one embodiment said first eye image taken by
said diagnostic device and said third eye image taken by said
surgery device are taken under significantly different eye
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conditions which can negatively affect a direct registration
between said first eye image and said third image. The differ-
ent eye conditions can be overcome by the combined multi-
level registration process. For that purpose there is performed
an intermediate registration step using the second image
which is taken under eye conditions which are less signifi-
cantly different from the eye conditions under which the first
image was taken than the eye conditions under which the third
image was taken. In this manner the registration becomes
possible and more accurate by introducing an intermediate
registration step which can be more easily executed than a
direct registration between the first and the third image, since
the differences in eye conditions between first and second and
between second and third image, respectively, are less sig-
nificant than the differences in eye conditions between the
first and the third image.

According to one embodiment said different eye condi-
tions comprise:

the eye having no tool or object which fully or partially
occludes the eye when said first image is taken and

the eye having a tool which fully or partially occludes the
eye when the third image is taken; or

the eye having no suction ring being placed on it when said
first image is taken, the eye having no suction ring being
placed on it when said second image is taken and

the eye having a suction ring being placed on it when the
third image is taken.

This is an example of significantly different eye conditions,
which would make a direct registration difficult.

According to one embodiment said different eye condi-
tions comprise:

the eye showing no influences of the surgical treatment
procedure on the patient’s eye when said first image is taken,
and

the eye showing no influences of the surgical treatment
procedure on the patient’s eye when said second image is
taken, and

the eye showing influences of the surgical treatment pro-
cedure on the patient’s eye when said third image is taken.

This is another example of significantly different eye con-
ditions, which would make a direct registration difficult.

According to one embodiment said influences the treat-
ment procedure on the patient’s eye comprise one or more of
the following:

bleedings,

deformations of the eyeball from the suction ring,

ablation bubbles under or in the cornea covering the iris,

color changes of the cornea or iris due to treatment impacts;

a tool or object which fully or partially occludes the eye.

These are other examples of significantly changed eye
conditions, which would make a direct registration between
the first and the third image difficult.

According to one embodiment the method further com-
prises:

performing a registration from a post-surgery images taken
by said surgery device to a post-surgery diagnostic image
taken by a diagnostic device; and/or

performing a registration from said diagnostic reference
image to one or more post-surgery diagnostic images.

This further enhances the registration scope over multiple
phases of ophthalmic treatment/diagnosis.

According to one embodiment the registration steps are
performed by identifying one or more eye features in the two
eye images, which are to be registered to thereby determine
the coordinate relationship between the two pictures, wherein
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the eye features which are used for the different registration
steps are selected appropriately in accordance with the dif-
ferent modalities in the different registration steps.

The selection of suitable features depending on the context
of the individual registration step adapts the method to the
specific conditions of a given scenario and enhances its per-
formance.

According to one embodiment the first registration step is
performed between two images being taken by two different
devices, possibly under different instrumentational operating
modalities (such as different illumination wavelength, differ-
ent camera, different microscope, etc.), but with the eye being
in the same or substantially the same condition. In other
words, the eye condition is not yet affected by the surgery or
preparatory steps for the surgery, such as the placement of a
suction ring, which could significantly change the eye condi-
tion in a way which would increase the difficulty of registra-
tion. On the other hand, the second registration step is per-
formed between two images taken by the same device under
the same or substantially the same instrumentational opera-
tion modalities (such as the same illumination wavelength,
the same camera, the same microscope, etc.), but at eye con-
ditions which are significantly different due to the effect of
the surgery or the preparatory actions of the surgery so that the
different eye conditions increase the difficulty of registration.
In this manner the individual difficulty of the first and the
second registration steps are less than the direct registration
from the firstto the third image. Therefore, the accuracy of the
first and the second registration steps can be enhanced, and
therefore by combining the first and the second registration
step to a combined registration step the overall accuracy of the
registration can be increased compared with a direct registra-
tion between the first and the third image.

According to one embodiment, from the first to the third
image there are two changes which both increase the diffi-
culty of a direct registration between the first and the third
image, namely a first change from the first image to the
second image caused by the change from the diagnostic
device taking the first image to the surgical device taking the
second image, and a second change from the second image to
the third image caused by the change of the eye condition due
to the start of the surgery, and wherein to avoid a direct
registration from the first to the third image which could
suffer from accuracy due to the accumulated effects of said
first and second changes, a first registration between said first
and said second image and a second registration between said
second and said third image are preformed and combined to a
combined registration to obtain a registration between said
first and said third image.

According to one embodiment the features which are used
for registering the initial diagnostic image taken by said diag-
nostic device and the pre-surgery image taken by said surgery
device are limbus and sclera features;

the features which are used for registering the pre-surgery
image taken by said surgery device and the intra-surgery
image taken by said surgery device are iris and/or pupil fea-
tures;

the features which are used for registering the pre-surgery
image taken by said surgery device and the post-surgery
image taken by said surgery device are one or more of iris,
pupil, limbus, or sclera features.

These are examples of suitable features, which may be
selected depending on a given scenario.

According to one embodiment an apparatus for performing
an eye registration comprises: a module for obtaining a first
initial reference eye image by a first diagnostic device and
defining a reference coordinate system;
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a module for obtaining a second eye image by a surgery
device, said second eye image being obtained in a pre-surgery
phase before the surgery has started;

a module for performing a first registration between said
first eye image and said second eye image to obtain a first
registration result;

a module for obtaining a third eye image by said surgery
device, said third eye image being obtained after surgery has
started;

a module for performing a second registration between
said second eye image and said third eye image to obtain a
second registration result;

a module for combining said first and second registration
results to obtain a combined registration result to thereby
obtain a registration between said initial reference eye image
obtained by said diagnostic device and said third eye image
obtained by said surgery device after surgery has started.

According to one embodiment an apparatus for performing
eye registration comprises:

amodule for obtaining a first initial reference eye image by
a first diagnostic device and defining a reference coordinate
system,

a module for obtaining a second eye image by a surgery
device, said second eye image being obtained in a pre-surgery
phase before the surgery has started;

a module for performing a first registration between said
first eye image and said second eye image to obtain a first
registration result;

a module for obtaining a third eye image by said surgery
device, said third eye image being obtained after surgery has
been completed;

a module for performing a second registration between
said second eye image and said third eye image to obtain a
second registration result;

a module for combining said first and second registration
results to obtain a combined registration result to thereby
obtain a registration between said initial reference eye image
obtained by said diagnostic device and said third eye image
obtained by said surgery device after surgery has been com-
pleted.

According to one embodiment the apparatus comprises:

amodule for carrying out a method according to one of the
embodiments of the invention.

According to one embodiment there is provided a com-
puter program which when being executed on a computer
enables said computer to carry out a method according to one
of the embodiments of the invention.

DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically illustrates a system implementing a
registration process according to an embodiment of the inven-
tion.

FIG. 2 schematically illustrates a multi-level registration
process according to an embodiment of the invention.

FIG. 3 schematically illustrates the eye features used in a
multi-level registration process according to an embodiment
of the invention.

DETAILED DESCRIPTION

The errors and uncertainties which are caused by a suction
ring placed on an eye can be reduced if there is provided an
approach, which can fill the missing link from the diagnostic
coordinate system to the intra-surgery coordinate system.
Embodiments of the invention provide an approach to fill this
gap in a manner, which will be described in more detail later.
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According to embodiments of the invention there can be used
for determining a consistent eye coordinate system as well as
the position of various features within the eye coordinate
system during multiple phases of ophthalmic diagnostic/
treatment processes (collectively termed as ophthalmic care).
This relates to the diagnostic phase, the pre-surgery phase, the
intra-surgery phase and the post surgery phase.

The eye coordinate system as well as specific eye features
(limbal ring, pupil, iris, sclera vessels, markers) can be deter-
mined from different imaging modalities, at different points
in time and over varying eye conditions in interaction with
varying tools (e.g. suction ring) and procedures which may
significantly affect the imaging content. The eye registration
process according to an embodiment is split up into a plurality
of individual registration steps, each leading to a registration
result, and then the multiple registration results are combined
into a combined registration result, which yields higher accu-
racy and overcomes the difficulties of the prior art.

Embodiments of the invention therefore may provide a
method capable of registering the eye throughout various
phases of treatment and diagnostics by combining multiple
levels of registration to ensure:

1. Accurate toric (rotational) alignment of treatment areas
and spots

2. Accurate centration of treatment areas and spots

3. Verification of intended and actual treatment areas and
spots

4. Spatially consistent measurements of post-surgery diag-
nostics relative to pre-surgery diagnostics (e.g. determination
of implants, cuts, treatments relative to diagnostic)

5. Correlation of post-surgery spatial variations of intended
treatment with patient visual outcome

In order to achieve these advantageous effects according to
one embodiment of the invention there is made use the fol-
lowing features:

Performing a multi-step registration combining multiple
registration results of eye images determined in different
points in time.

According to one embodiment the approach further com-

prises:

Using a linked chain of imaging devices that can exchange
data via suitable interfaces (e.g. corneal diagnostic
device linked with processing unit analyzing micro-
scope camera images).

Performing a multi-feature registration using a context
sensitive feature extraction and registration depending
on the modality of the image and of the eye conditions
(e.g. eye coverage, deformations, bleedings)

These approaches may be summarized and referred to in
the following more detailed description of embodiments as
“Multi-Level Registration”, because the registration is per-
formed for different combinations of phases of the oph-
thalmic care procedure, and these different registration steps
(or levels) are then combined to achieve a more comprehen-
sive registration with higher accuracy.

To explain the significance of this approach in somewhat
more detail reference is once again made to the prior art
registration approach. In the prior art eye registration com-
plexity is driven mainly by the difference in imaging modali-
ties between diagnostic and/or surgery imaging devices (e.g.
different light wavelength, field-of-view, camera resolution,
camera location, integration time). The difference in the eye
conditions (e.g. deformation, bleedings, and occlusions by
tools) is typically neglected in current registration implemen-
tations, because the doctor is forced to ensure similar eye
conditions by the process.
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But—as was explained above—there are processes that
require a consistent and accurately determined coordinate
system throughout all steps, but do not ensure similar eye
conditions over these steps. The registration system accord-
ing to embodiments of the present invention can deal with
different image modalities and similar eye conditions as well
as with similar image modalities and different eye conditions.
Together with repeatedly applied registration steps, this
becomes an effective “full process coordinate system”-de-
vice.

A linked chain of imaging devices that can exchange data
via interfaces are the platform for applying this invention
according to one embodiment which will now be described in
connection with FIG. 1. The first device involved in the pro-
cess is a Diagnostic Device that—besides measurements—
provides an initial reference image of the patient eye that
serves as the origin of the coordinate system for the overall
process that follows.

The Processing Unit shown in FIG. 1 (which may be any
standard computer suitably programmed) receives the initial
reference image and is linked to the imaging system of the
surgery microscope in the operating room. The reference
image information is imported by a Processing Unit and
stored for upcoming registration steps. The diagnostic (ini-
tial) reference image is used for registering the live surgery
image directly to the reference coordinate system or, accord-
ing to an embodiment of the invention, indirectly, via an
already registered reference image from the surgery image
stream. The direct registration is illustrated in FIG. 1 by the
live stream being fed to the processing unit and therein it is
processed by a tracking module, which compares it with the
initial reference image for registration/tracking.

According to one embodiment, however, the registration is
not carried out directly but via an intermediate step using an
already registered image from the surgery image stream. For
that purpose there is at first taken an image of the surgery
image stream, which is captured before the surgery actually
started, i.e. in the pre-surgery phase. The term “pre-surgery”
here refers to the fact that the effects of the surgery, which
could negatively affect registration, e.g. the deformation or
partial coverage of the eye due to the placement of a suction
ring, the bleeding due to incisions, etc., have not yet taken
place. The eye image is taken by the surgical device, butin the
state, which precedes the surgery, itself and also the prepara-
tory actions for the surgery such as the placement of a suction
ring.

In such a pre-surgery state the eye image is more “close” in
its character to the initial reference image taken by the diag-
nostic device in order to determine the initial reference coor-
dinate system. Therefore it is easier and more accurate to
perform a registration between the initial reference image and
the pre-surgery image than between the initial reference
image and the intra-surgery image.

The registration between the initial reference image and
the pre-surgery image then leads to a first registration result
which consists of a coordinate relationship (or lateral and
rotational “displacement™) between the initial reference coor-
dinate system in the initial reference image and the coordinate
system (or the location of the eye) in the pre-surgery image.

In a next step then there is carried out a second registration
between the pre-surgery image and an “intra-surgery image”
which is taken by the surgical device during the surgery, and
especially in a condition which affects the eye image, e.g. due
to the placement of a suction ring, the deformation of the eye,
the bleeding of the eye due to incisions, etc. However, since
the “modalities” which means the device arrangement (cam-
era, microscope, wavelength of illumination, etc.) are identi-
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cal for the pre-surgery and the intra-surgery image, it is easier
to perform a registration between pre-surgery image and
intra-surgery image than between the intra-surgery image and
the initial (diagnostic) reference image which may have been
taken by a completely different device under different condi-
tions such as another illumination wavelength, another cam-
era, etc.

The second registration then yields a second registration
result, which consists of a coordinate relationship (or lateral
and rotational “displacement™) between the reference coor-
dinate system in the pre-surgery image and the coordinate
system (or the location of the eye) in the intra-surgery image.

The first and the second registration result can then be
combined to obtain a combined registration result (which can
be easily obtained just by vector addition of the displacement
vectors of the two registration steps), and the combined reg-
istration result then effectively yields a registration between
an initial diagnostic reference image and an intra-surgery
image. This approach can then be used to perform the “two-
step” or “multi-level” registration also for the further intra-
surgery live images, and in this way a more effective tracking
based on the initial diagnostic image and the intra-surgery
live stream can be achieved.

According to one embodiment the registered surgery live
images can be exported for future post-op follow-up analysis
of clinical process outcome.

As describe in the previous embodiment, multi-step or
multi-level registration combines multiple registration results
of'eye images determined in different points in time for pro-
viding transformation changes over complete diagnostic and
surgery processes.

FIG. 2 illustrates further embodiments with 3 different
types of registrations, which allow a coordinate system ref-
erence at every point in time in the surgery.

The 1 LR (first level registration) shows the registration
from the diagnostic image taken by the diagnostic device to
the pre-surgery microscope image. There are some modality
changes from diagnostic device to the surgery microscope
which have to be addressed (e.g., differences in wavelength
can be addressed by concentrating on wavelength indepen-
dent signals, differences in optics can be addressed by cali-
bration of both devices). However, typically the eye condi-
tions are similar, except the insertion of a speculum to keep
the eye lids open and the dilation or shrinking of the pupil
using drugs on the surgery side. The 1 LR provides the extra-
device registration result, i.e. the registration from the diag-
nostic device to the surgery device.

The 2LR (second level registration) shows the registration
on the same device—the surgery microscope—from the pre-
surgery microscope image to the intra-surgery microscope
image. A direct registration from the intra-surgery micro-
scope image to the diagnostic reference image would likely
fail or be inaccurate, due to the significant coverage and
deformation of eye features by the suction ring: Modality
(e.g. change of wavelength, camera, etc.) and eye conditions
(placement of suction ring) in combination are just too dif-
ferent. However, registering of the intra-surgery image to the
pre-surgery microscope image is feasible due to the similarity
of'the image modalities (e.g. same light wavelength) and the
eye features (e.g. same pupil size, same iris shape). With the
combination of 2LR and 1 LR there can be obtained a com-
bined registration result and thereby the link from the intra-
surgery coordinate system to the diagnostic reference image
coordinate system can be established.

The 3LR (third level registration) shows the registration on
the same device—the surgery microscope—from the pre-
surgery microscope image to the post-surgery microscope
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image. A direct registration from the intra-surgery micro-
scope image to the diagnostic reference image is difficult and
inaccurate, due to the influences the treatment procedure has
on the patient’s eye (e.g. bleedings, deformations of the eye
ball from the suction ring, ablation bubbles under or in the
cornea covering iris). Registering to the pre-surgery micro-
scope image, however, is feasible due to the similarity of the
image modalities (e.g. same light wavelength) and eye fea-
tures (e.g. same pupil size, same iris shape). With the combi-
nation of the two registration results 3L.R and 1 LR the link to
the diagnostic reference image coordinate system can be
established.

Beyond the registration levels shown in FIG. 2 the regis-
tration from the post-surgery microscope images to a post-
surgery diagnostic image and/or from the pre-surgery diag-
nostic reference image to one or more post-surgery diagnostic
image are be feasible just by adding a further registration step
to the combined registration.

The particular chain of registration steps required to be
performed by the system in order to achieve the desired coor-
dinate system mapping, can be either a-priori defined, or
automatically selected by the system based on the knowledge
of performance of each registration step. E.g., on a specific
image pair taken out of a known step of the surgery process,
the system can iterate over sequence of registration algorithm
types (e.g. iris-iris registration, sclera-sclera registration) to
determine the highest quality confidence of the registration
result on the specific image pair. The sequence of registration
algorithm types can be pre-defined in the system depending
on the knowledge of the individual surgery step.

According to one embodiment multi-feature registration
extracts context sensitively different type of eye features from
diagnostic or surgery images, to achieve robust and reliable
registration results over varying imaging modalities and eye
conditions. This means that, depending on the actual regis-
tration step (e.g. 1 LR, 2LLR, 3LR) and the modalities, which
are applied in the respective step, the most suitable features
are selected and used for the registration procedure. FIG. 3
illustrates this by showing different examples of multi-feature
registration on eye images. The registration steps shown in
FIG. 3 are 1 LR (top), 2LR (middle), and 3L.R (bottom). The
features which are taken into account for the registration are
dashed in FIG. 3.

The images pairs in FIG. 3 for 1 LR (top) show the feature
extraction according to one embodiment from a diagnostic
device to a microscope image. In the given example the diag-
nostic image was taken with white or green light while the
microscope image was taken with white light. Typically the
patient eye in the diagnostic image is not manipulated with
drugs to show a small or large pupil, neither are the eye lids
clamped. During surgery typically the eye is opened by a
speculum and the pupil is dilated to its maximum. For regis-
tering the coordinate system in this case from the diagnostic
to the surgery modality and conditions, the preferable reliable
features are limbus and sclera features (blood vessels). Doing
that, the projection of the diagnostic pupil into the surgery
image is feasible (pupil center shift compensation) as well,
because the diagnostic pupil location relative to the limbus is
know from the diagnostic image, the limbus in the surgery
image is known and the cyclotorsion between the diagnostic
and surgery image is known.

The images pairs in FIG. 3 for 2L.R show the feature extrac-
tion from a pre-surgery microscope image to an intra-surgery
microscope eye image, here covered with a suction ring. The
suction ring mechanics typically cover parts of the limbus and
most of the sclera area. Fortunately the pupil diameter and
position is fixed due to eye drugs between the two images.
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Therefore iris and pupil features from a pre-surgery micro-
scope image and the intra-surgery microscope image can be
used to fully register the lateral and torsional position of the
two images.

Combining 1 LR and 2L.R the link between the diagnostic
reference image and the intra-surgery microscope image can
be reliably established. Referring to the suction ring example,
this method brings all alignment information (e.g. pupil cen-
ter shift, mesopic pupil, astigmatism) automatically from the
diagnostic analysis to the intra-suction ring phase.

The image pairs in FIG. 3 for 3LR show the feature extrac-
tion from a pre-surgery microscope image to a post-surgery
microscope image. Due to the identical image modality and
the “tool cleaned” eye, the treatment impacts (e.g. bleeding,
bumps, deformations) do not prohibit the registration using
all eye features.

The foregoing examples show that combining separate
registration steps, an preferably also applying context sensi-
tively different eye features for registration allows dealing
with the barriers implied by image modalities and eye condi-
tion difference over the diagnostic and surgery process. One
may therefore say that according to one embodiment there is
provided an approach which enables a registration between
two situations (a first situation and a second situation) in
which there is such a significant difference of the eye condi-
tion and/or the used device(s) or its modality (such as wave-
length or optics) that a direct registration between the eye in
these two situations cannot be performed or is at least very
difficult and prone to errors. To enable such a registration
between these two significantly different situations, accord-
ing to one embodiment there is provided an “intermediate
registration step” (e.g. the step 1 LR) for which there may be
some change of the device or its modality (like a frequency
change or change in optics), e.g. due to the change form one
device (diagnostic device) to another (the surgery device),
and/or a change of the eye condition (e.g. the introduction of
a speculum), however, the intermediate situation is chosen
such that this change of the modality and/or eye condition is
less significant than it is for the change from the first to the
second situation for which a direct registration is not possible.
Then, a second registration step is performed between the
intermediate situation and the second situation, for which the
change of the device and/or its modality and/or the eye con-
dition is also less significant (in terms of its significance for
the performance or the accuracy of the registration) than it is
for the change from the first to the second situation. By
combining the intermediate registration and the second reg-
istration one may then obtain the registration between the first
and the second situation.

As described in the embodiments before, the first situation
may be a situation where a diagnostic device is used, the
second situation may be an intra-surgery situation where a
surgery device is used and the eye condition is changed sig-
nificantly e.g. due to a suction ring placement, and the inter-
mediate situation may be the “pre-surgery condition of the
eye before the placement of the suction ring but in a situation
where the surgical device is used, in other words a situation
where the surgery itselfhas not yet started and the preparatory
work which significantly changes the eye condition, like e.g.
the placement of a suction ring, also has not been carried out.
The particular set of features selected to perform each regis-
tration step in order to achieve the desired coordinate system
mapping, can be either a-priori defined, or automatically
selected by the system based on the context sensitive knowl-
edge of performance of each feature.

The embodiments described before yield several advan-
tages over the prior art, for example:
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Current approaches for eye registration are dealing with
modality changes of the imaging devices, but they are
not deal with intra-device eye condition changes, such as
the placement of a suction ring.

Using multiple registration steps, preferably in connection
with context sensitive determination of adequate eye
features used for registration, increases the overall accu-
racy and robustness from diagnostic to surgery, from
surgery to diagnostic, from pre-surgery diagnostic to
post-surgery diagnostic and post-surgery diagnostic to
post-surgery diagnostic.

Automatic determination of optimal sequence of registra-
tion steps and context dependent eye features, insures
optimal overall robustness & accuracy tradeoff. The
optimal sequence can e.g. be determined by knowing the
likelihood of success (robustness) and accuracy that can
be expected for any pair of images. For example, based
on prior clinical data, it can be determined that the like-
lihood of success of registering first image to second
image is XY %, the likelihood of success of registering
second image to third is YZ % and the likelihood of
success of registering first image to third is X7 %. Then,
the system can determine if XY %<*>YZ %>XZ7Z %, i.e.
if it is appropriate to consider the combination of the two
registration steps or the direct registration step. In the
same way, by comparing known likelihood of success of
different eye features in the context (i.e. likelihood of iris
registration vs. sclera registration between a diagnostic
and a intra-surgery image) the algorithm can decide the
most appropriate features to use on each particular step.
This decision may also take into account computational
considerations, i.e. how fast each of the features is reg-
istered.

Replacing the manual tool positioning (e.g. suction ring)
saves serious surgery treatment time for the patient and
the surgeon

Post-surgery diagnostic follow-up performed always rela-
tive to the same (!) coordinate system defined at the
beginning of the process will improve the post-surgery
analysis of eye surgeries of treatments with lasers and/or
implants.

It will be understood by the skilled person that the embodi-
ments described hereinbefore may be implemented by hard-
ware, by software, or by a combination of software and hard-
ware. The modules and functions described in connection
with embodiments of the invention may be as a whole or in
part implemented by microprocessors or computers which
are suitably programmed such as to act in accordance with the
methods explained in connection with embodiments of the
invention. This may involve the connection of such comput-
ers or microprocessors with suitable interfaces and/or mea-
suring and/or treatment devices as they are used in the field of
ophthalmic diagnostics and treatment, as will be readily
understood by the skilled person.

The invention claimed is:

1. A method for performing eye registration comprising:

obtaining a first initial reference eye image by a first diag-
nostic device and defining a reference coordinate sys-
tem;

obtaining a second eye image by a surgery device, said
second eye image being obtained in a pre-surgery phase
before the surgery has started;

performing a first registration between said first eye image
and said second eye image to obtain a first registration
result;

obtaining a third eye image by said surgery device, said
third eye image being obtained after surgery has started;
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performing a second registration between said second eye
image and said third eye image to obtain a second reg-
istration result;

combining said first and second registration results to

obtain a combined registration result to thereby obtain a
registration between said initial reference eye image
obtained by said diagnostic device and said third eye
image obtained by said surgery device after surgery has
started;

wherein said first eye image taken by said diagnostic

device and said third eye image taken by said surgery
device are taken under significantly different eye condi-
tions that can negatively affect a direct registration
between said first eye image and said third eye image,
the different eye conditions comprising the eye having
no tool which fully or partially occludes the eye when
said first image is taken and the eye having a tool which
fully or partially occludes the eye when the third image
is taken.

2. The method of claim 1, wherein said different eye con-
ditions comprise:

the eye having no suction ring being placed on it when said

second image is taken and

the eye having a suction ring being placed on it when the

third image is taken.

3. The method of claim 1, wherein said different eye con-
ditions comprise:

the eye showing no influences of the surgical treatment

procedure on the patient’s eye when said first image is
taken,

the eye showing no influences of the surgical treatment

procedure on the patient’s eye when said second image
is taken, and the eye showing influences of the surgical
treatment procedure on the patient’s eye when said third
image is taken.

4. The method of claim 3, wherein said influences of the
treatment procedure on the patient’s eye comprise one or
more of the following:

bleedings,

deformations of the eyeball from the suction ring,

ablation bubbles under or in the cornea covering the iris;

color changes ofthe cornea or iris due to treatment impacts;

a tool or object which fully or partially occludes the eye.

5. The method of claim 1, further comprising:

performing a registration from a post-surgery images taken

by said surgery device to a post-surgery diagnostic
image taken by a diagnostic device; and/or

performing a registration from said diagnostic reference

image to one or more post-surgery diagnostic images.

6. The method of claim 5, wherein

the registration steps are performed by identitying one or

more eye features in the two eye images, which are to be
registered to thereby determine the coordinate relation-
ship between the two pictures, wherein

the eye features which are used for the different registration

steps are selected in appropriately in accordance with
the different modalities in the different registration
steps.

7. The method of claim 6, wherein the features which are
used for registering the initial diagnostic image taken by said
diagnostic device and the pre-surgery image taken by said
surgery device are limbus and sclera features;

the features which are used for registering the pre-surgery

image taken by said surgery device and the intra-surgery
image taken by said surgery device are iris and/or pupil
features; the features which are used for registering the
pre-surgery image taken by said surgery device and the
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post-surgery image taken by said surgery device are one
or more of iris, pupil, limbus, or sclera features.

8. The method of claim 1, wherein from the first to the third
image there are two changes which both increase the diffi-
culty of a direct registration between the first and the third
image, namely a first change from the first image to the
second image caused by the change from the diagnostic
device taking the first image to the surgical device taking the
second image, and a second change from the second image to
the third image caused by the change of the eye condition due
to the start of the surgery, and wherein to avoid a direct
registration from the first to the third image which could
suffer from accuracy due to the accumulated effects of said
first and second changes, a first registration between said first
and said second image and a second registration between said
second and said third image are performed and combined to a
combined registration to obtain a registration between said
first and said third image.

9. The method of claim 1, wherein the first registration step
is performed between said first and said second images being
taken by two different devices but with the eye being in the
same or substantially the same condition such that the eye
condition is not yet affected by the surgery or preparatory
steps for the surgery which would significantly change the
eye condition in a way which would increase the difficulty of
registration, and the second registration step is performed
said second and said third images taken by the same device
under the same or substantially the state instrumentational
operation but at eye conditions which are significantly difter-
ent due to the effect of the surgery or the preparatory actions
of the surgery.

10. A method for performing eye registration comprising:

obtaining a first initial reference eye image by a first diag-

nostic device and defining a reference coordinate sys-
tem;

obtaining a second eye image by a surgery device, said

second eye image being obtained in a pre-surgery phase
before the surgery has started;

performing a first registration between said first eye image

and said second eye image to obtain a first registration
result;
obtaining a third eye image by said surgery device, said
third eye image being obtained after surgery has been
completed; performing a second registration between
said second eye image and said third eye image to obtain
a second registration result;

combining said first and second registration results to
obtain a combined registration result to thereby obtain a
registration between said initial reference eye image
obtained by said diagnostic device and said third eye
image obtained by said surgery device after surgery has
been completed;

wherein said first eye image taken by said diagnostic

device and said third eye image taken by said surgery
device are taken under significantly different eye condi-
tions that can negatively affect a direct registration
between said first eye image and said third image, the
different eye conditions comprising the eye having no
tool that fully or partially occludes the eye when said
first image is taken and the eye having a tool that fully or
partially occludes the eye when the third image is taken.

11. The method of claim 10, wherein said different eye
conditions comprise:

the eye having no suction ring being placed on it when said

second image is taken and

the eye having a suction ring being placed on it when the

third image is taken.
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12. The method of claim 10, wherein

said different eye conditions comprise:

the eye showing no influences of the surgical treatment
procedure on the patient’s eye when said first image is
taken,

the eye showing no influences of the surgical treatment
procedure on the patient’s eye when said second image
is taken, and the eye showing influences of the surgical
treatment procedure on the patient’s eye when said third
image is taken.

13. The method of claim 12, wherein

said influences of the treatment procedure on the patient’s
eye comprise one or more of the following:

bleedings,

deformations of the eyeball from the suction ring,

ablation bubbles under or in the cornea covering the iris;

color changes ofthe cornea or iris due to treatment impacts;

a tool or object which fully or partially occludes the eye.

14. The method of claim 10, further comprising:

performing a registration from a post-surgery images taken
by said surgery device to a post-surgery diagnostic
image taken by a diagnostic device; and/or

performing a registration from said diagnostic reference
image to one or more post-surgery diagnostic images.

15. The method of claim 14, wherein

the registration steps are performed by identitying one or
more eye features in the two eye images, which are to be
registered to thereby determine the coordinate relation-
ship between the two pictures, wherein

the eye features which are used for the different registration
steps are selected in appropriately in accordance with
the different modalities in the different registration
steps.

16. An apparatus for performing an eye registration com-

prising a process configured to:

obtain a first initial reference eye image by a first diagnostic
device and defining a reference coordinate system;

obtain a second eye image by a surgery device, said second
eye image being obtained in a pre-surgery phase before
the surgery has started; a module for performing a first
registration between said first eye image and said second
eye image to obtain a first registration result;

obtain a third eye image by said surgery device, said third
eye image being obtained after surgery has started;

perform a second registration between said second eye
image and said third eye image to obtain a second reg-
istration result;

combine said first and second registration results to obtain
a combined registration result to thereby obtain a regis-
tration between said initial reference eye image obtained
by said diagnostic device and said third eye image
obtained by said surgery device after surgery has started

wherein said first eye image taken by said diagnostic
device and said third eye image taken by said surgery
device are taken under significantly different eye condi-
tions that can negatively affect a direct registration
between said first image and said third eye image, the
different eye conditions comprising the eye having no
tool that fully or partially occludes the eye when said
first image is taken and the eye having a tool that fully or
partially occludes the eye when the third image is taken.

17. An apparatus for performing eye registration compris-

ing a processing unit configured to:

obtain a first initial reference eye image by a first diagnostic
device and defining a reference coordinate system;

obtain a second eye image by a surgery device, said second
eye image being obtained in a pre-surgery phase before
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the surgery has started; a module for performing a first
registration between said first eye image and said second
eye image to obtain a first registration result;

obtain a third eye image by said surgery device, said third
eye image being obtained after surgery has been com-
pleted;

perform a second registration between said second eye
image and said third eye image to obtain a second reg-
istration result;

combine said first and second registration results to obtain
a combined registration result to thereby obtain a regis-
tration between said initial reference eye image obtained
by said diagnostic device and said third eye image
obtained by said surgery device after surgery has been
completed;

wherein said first eye image taken by said diagnostic
device and said third eye image taken by said surgery
device are taken under significantly different eye condi-
tions that can negatively affect a direct registration
between said first image and said third eye image, the
different eye conditions comprising the eye having no
tool that fully or partially occludes the eye when said
first image is taken and the eye having a tool that fully or
partially occludes the eye when the third image is taken.
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18. The method of claim 17, wherein said different eye
conditions comprise;

the eye having no suction ring being placed on it when said

second image is taken and the eye having suction ring
being placed on it when the third image is taken.

19. The method of claim 17, wherein said different eye
conditions comprise:

the eye showing no influences of the surgical treatment

procedure on the patient’s eye when said first image is
taken,

the eye showing no influences of the surgical treatment

procedure on the patient’s eye when said second image
is taken, and the eye showing influences of the surgical
treatment procedure on the patient’s eye when said third
image is taken.

20. The method of claim 19, wherein said influences the
treatment procedure on the patient’s eye comprise one or
more of the following:

bleedings,

deformations of the eyeball from the suction ring,

ablation bubbles under or in the cornea covering the iris;

color changes ofthe cornea or iris due to treatment impacts;

a tool or object which fully or partially occludes the eye.
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